Abstract. In this paper we calculate the contribution of charge exchange to the decay of the ring current. Past works have suggested that charge exchange of ring current protons is primarily responsible for the decay of the ring current during the late recovery phase, but there is still much debate about the fast decay of the early recovery phase. We use energetic neutral atom (ENA) measurements from Polar to calculate the total ENA energy escape. To get the total ENA escape we apply a forward modeling technique, and to estimate the total ring current energy escape we use the Dessler-Parker-Sckopke relationship. We find that during the late recovery phase of the March 10, 1998 storm ENAs with energies greater than 17.5 keV can account for 75% of the estimated energy loss from the ring current. During the fast recovery the measured ENAs can only account for a small portion of the total energy loss. We also find that the lifetime of the trapped ions is significantly shorter during the fast recovery phase than during the late recovery phase, suggesting that different processes are operating during the two phases.
Introduction
In this paper we calculate the contribution of charge exchange to the decay of the ring current. We do this through the analysis of measurements of energetic neutral atoms (ENAs), which are the direct product of the charge exchange reaction.
The mechanisms responsible for the decay of the storm time ring current are still a matter of debate. Hamilton et al. [1988] suggested, based on AMPTE/CCE measurements, that the initial rapid decay of the ring current was due to charge exchange of O +, while the slower decay was due to charge exchange of H +. Daglis [1997] obtained similar results. However, recent modeling results have not been able to confirm this. Jordanova et al. [1996, 1998 ] have shown that charge exchange is the most important collisional loss mechanism, but not necessarily that it is the most important loss process. Using time-dependent convection models, Fok et al. [1995] and Kozyra et al. [1998] found that in addition to charge exchange loss, convection loss through the dayside magnetopause, and Coulomb collision loss, other loss processes must be operating. Liemohn et al. [1999] demonstrated that the convective loss through the dayside magnetopause is dominant. In this paper we will calculate the total charge exchange energy escape rate out of the ring current using direct measurements of ENAs. Because the ENAs are the product of charge exchange, the calculation of the charge-exchange contribution can be performed directly, unlike past estimates, which could only be inferred from the in situ measurements of ring current ions.
Theory
In order to calculate the charge exchange contribution to the energy loss from the ring current, we need to be able to calculate the total energy carried out of the ring 1931 current due to ENAs, dEENn/dt, and the total energy loss from the ring current, dWp/dt. (Wp) in a magnetic dipole field with energy WM, and the relative magnetic disturbance created at the location of the magnetic dipole. /30 is the magnetic field measured at a given radial location R0 in the dipole equator, and WM is integrated outside that radial distance. Thus for the Earth, typically /30 is considered the magnetic field at the dipole equator on the surface of the Earth, while WM is the energy of the portion of the field that is outside the Earth. This expression is derived for nonconducting conditions. If there is a uniformly conducting sphere at the origin with radius R0, then a multiplicative factor greater than 1, and no greater than 1.5, must be included on the the righthand side of equation (4 Figure 3 ) from Dst (shown in Figure 1) . We used the Wind/Solar Wind Experiment calculated dynamic pressure for this correction. Then, using equation (7) we compute the estimated total ring current energy shown in Figure 4 . Now, because of short-term fluctuations in the ring current energy, it is not convenient to simply take the derivative of it in order to obtain the ring current energy loss. Smoothing is also not feasible, since a window of at least 24 hours would be required to smooth the data sufficiently. This would severely distort the computed ring current energy loss rate. A better approach is to fit reasonable functional forms to the decay phase (the portion after the peak). We chose two functional forms to fit. One consisted of two exponentials, Then, taking the time derivatives of equations (9) and (10), we obtain the estimated total ring current energy loss for these two models. It is plotted in Figure 5 . We immediately notice that the two models yield quite different energy escape rates for the early recovery phase, but that they are consistent for the late decay. Finally, the measured ENA energy escape rate is plotted in Figure 5 as "+"-signs.
Using equation (6) we can compute Dst* (shown in

ERc --ao exp(--(t -to)) + al exp(-(t -to)), (9)
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Results and Discussion
As we examine Next, let us examine the fast recovery. During this phase there was a data gap as the Polar satellite passed through the radiation belts where it is unable to measure ENAs. However, the measurements near the peak of the storm (late on March 11) can reasonably be taken as being indicative of the early fast recovery phase. However, there are two important points in this regard.
First, we see that the two models in Figure 5 yield quite different energy loss rate time profiles during the fast recovery phase. However, if we examine Figure 4 , they both appear to fit the ring current energy profile equally well. Therefore it is impossible to tell whether the energy loss is very rapid during the early fast recovery, and decreases later during the fast recovery, or whether it is nearly constant throughout the fast recovery phase. In either case, however, we find that the measured ENAs can only account for a small fraction of the ring current energy loss ( Figure 5 ). This is, as mentioned earlier, under the assumption that all ENAs measured are hydrogen. If all the ENAs measured during the fast recovery are oxygen, then we would need to approximately double this figure. This would put the measured ENA energy escape in better agreement with the fitted models. However, it would require that the ring current oxygen is dominated by energies above 60 keV, which is an unlikely scenario. Therefore, at the present, there are still some ambiguities concerning the fast recovery mechanism. However, it is quite clear from the late decay measurements that the technique used works and provides an accurate measure of the ENA energy loss. In a future paper we will process different storms that yield a better picture of the fast decay.
Having now confirmed the source of the slow decay, it would be interesting to see if the ENA emissions during the fast decay are consistent with the same decay time (implying similar mechanisms and spectra) as the slow decay. Jorgensen et al. [1997] showed that there was a rough proportionality between Dst and the count rate of ENAs with energy 17.5 keV. However, they also noted that near the peak of the storm and during the early recovery phase, there was a tendency for the ENA count rate to overshoot relative to Dst. We can examine this quantitatively. We know that during the late phase the decay time is 5.6 or 4.0 days, depending on which model we fit to the estimated ring current energy. If we thus divide the ring current energy in Figure 4 by this decay time, we obtain a predicted ENA energy escape rate, based on the same mechanism, spectrum, and species as during the slow recovery phase. This result is plotted in Figure 6 . In this figure the dashed line represents a 4.0-day decay time, and the dotted line represents a 5.6-day decay time. We, of course, find that during the late decay phase there is good agreement between this model and the data, since we used data during this period to build the model. However, near the peak of the storm, we see that the measured ENA energy flux is 50-100% larger. What this means is that the decay time of the ENAs that we measure is two thirds to half of the decay time of the ENAs measured during the late decay phase. There can be several reasons for this, including different energy spectra, different spatial distributions, and different species.
Conclusion
We find that during the late, slow recovery phase of a magnetic storm, ENAs with energy above 17.5 keV can account for 75% of the estimated total energy loss from the ring current. While this has already been inferred indirectly by in situ ion measurements, our measurements present the first direct measurement of the product of the charge exchange reaction, thereby proving that charge exchange of protons dominates during that phase. During the fast recovery phase we find that Figure 6. Predicted ring current energy loss from ENAs assuming same distribution as during the slow recovery phase, for all times. Shown are Polar-measured ENA escape rate (+), prediction using slow decay from two exponentials (dotted line), and prediction using slow decay from line plus an exponential (dashed line) the measured ENAs can only account for a small fraction of the ring current energy loss, but also that the ENAs are emitted at a rate corresponding to a shorter lifetime than that of the late decay phase. In a future paper we will more closely examine the fast recovery and compare it to numerical models.
